1. Introduction {#sec1-cells-08-00472}
===============

The ability of immune cells to detect and destroy cancer cells forms the basis of all modern immunotherapies, including cancer vaccines, checkpoint blockade, and adoptive cell transfer (ACT). These distinct approaches to immunotherapy have been extensively reviewed elsewhere \[[@B1-cells-08-00472],[@B2-cells-08-00472],[@B3-cells-08-00472]\]. ACT relies on the ability to generate large numbers of tumor-specific T cells. This may be achieved by isolating tumor infiltrating lymphocytes (TILs) or by genetically modifying peripheral blood lymphocytes (PBLs) for cancer specificity. Tumor-reactive T cells can be generated from PBLs either through the introduction of a specific T cell receptor (TCR) or a fully synthetic receptor, usually referred to as chimeric antigen receptor. Thereafter, T cells may be expanded ex vivo and reinfused into the patient, with the ultimate goal to eradicate cancer cells and provide long-lived immunological memory. However, each of these approaches to ACT presents a unique set of obstacles. Successful TIL therapy relies on tumors to elicit an endogenous immune response, and this approach may therefore be less suitable for immunologically "cold" tumors with low numbers of infiltrating immune cells \[[@B4-cells-08-00472],[@B5-cells-08-00472]\]. Furthermore, T cells isolated from the tumor microenvironment are often terminally differentiated and functionally exhausted \[[@B5-cells-08-00472]\], while TIL therapy may altogether not be applicable to patients with inaccessible or unresectable tumors. Genetic engineering may overcome some of these challenges, as the specificity of T cells isolated from peripheral blood can be modulated as necessary. If these polyclonal cells are modified to express a tumor-specific TCR, major histocompatibility complex (MHC)-restricted antigen recognition allows for tumor escape via disruption of antigen processing or presentation \[[@B6-cells-08-00472],[@B7-cells-08-00472]\]. In contrast, CAR T cells couple the specificity of an antibody with the destructive force of T cell effector functions \[[@B8-cells-08-00472]\], thereby constituting a powerful approach to ACT. CAR T cells were first described in the late 1980s \[[@B9-cells-08-00472],[@B10-cells-08-00472]\] and have since garnered much attention. A CAR usually consists of an antibody-derived single-chain variable fragment (scFv), which is linked via a spacer and transmembrane domain to intracellular signaling molecules, capable of eliciting T cell effector functions. Originally, first-generation CAR T cells contained only a CD3ζ intracellular domain, capable of recapitulating "signal 1" of T cell activation. However, first-generation CAR T cells displayed poor anti-tumor efficacy in patients, owing to the limited expansion and persistence of transferred T cells \[[@B11-cells-08-00472],[@B12-cells-08-00472],[@B13-cells-08-00472]\]. The inclusion of one or multiple costimulatory domains gave rise to second- or third-generation CARs, respectively, and is intended to enhance T cell function upon antigen recognition. Several clinical studies have reported dramatic response rates in relapsed or refractory (r/r) hematological malignancies, showcasing the unparalleled therapeutic potential of anti-CD19-CAR T cells to treat diseases such as acute lymphoblastic leukemia (ALL) \[[@B14-cells-08-00472]\], diffuse large B cell lymphoma (DLBCL) \[[@B15-cells-08-00472]\] and, to a lesser extent, chronic lymphocytic leukemia (CLL) \[[@B16-cells-08-00472]\]. The clinical success of CAR T cell therapy eventually culminated in the FDA approval of two CD19-specific CAR T cell products, namely tisagenlecleucel for r/r ALL and r/r large B cell lymphoma and axicabtagene cliloleucel for r/r large B cell lymphoma \[[@B17-cells-08-00472],[@B18-cells-08-00472]\]. However, various CAR T cell-mediated toxicities, such as tumor lysis syndrome \[[@B19-cells-08-00472],[@B20-cells-08-00472]\], cytokine release syndrome \[[@B19-cells-08-00472],[@B21-cells-08-00472],[@B22-cells-08-00472]\], neurotoxicity \[[@B23-cells-08-00472],[@B24-cells-08-00472]\] and on-target off-tumor toxicity \[[@B25-cells-08-00472],[@B26-cells-08-00472],[@B27-cells-08-00472],[@B28-cells-08-00472]\] have emerged, some with devastating consequences. Furthermore, antigen loss and the consequent tumor escape limit the long-term success of CAR T cell therapy in a significant fraction of patients \[[@B29-cells-08-00472]\]. So far, CAR T cells have lacked potent clinical efficacy when targeting solid tumors. This is likely due to numerous hindrances, most notably CAR T cell dysfunction in a hostile tumor microenvironment, limited trafficking of CAR T cells to the tumor site and antigen heterogeneity amongst tumor cells \[[@B30-cells-08-00472],[@B31-cells-08-00472],[@B32-cells-08-00472]\]. Additionally, antigen-independent tonic CAR signaling has been frequently demonstrated to harbor deleterious consequences for CAR T cells, potentially contributing to the therapeutic failure of a number of clinical CAR candidates \[[@B33-cells-08-00472],[@B34-cells-08-00472],[@B35-cells-08-00472],[@B36-cells-08-00472],[@B37-cells-08-00472]\]. However, in some cases, tonic signaling may confer an antigen-independent proliferative advantage to modified T cells as well as improved in vivo persistence or efficacy \[[@B38-cells-08-00472],[@B39-cells-08-00472]\]. Accurately defining tonic CAR signaling has proven difficult, with a multitude of different receptors inducing distinct phenotypic or functional changes in CAR T cells. At the same time, multiple CAR domains have been reported to contribute to this complex phenomenon. [Figure 1](#cells-08-00472-f001){ref-type="fig"} gives an overview of the most notable limitations of CAR T cells.

In the following sections, we will provide a comprehensive discussion of individual CAR domains and their respective contributions to CAR T cell functionality (see [Figure 2](#cells-08-00472-f002){ref-type="fig"} for a summary). We will highlight how advances in gene editing may revolutionize CAR T cell engineering and provide an outlook on novel CAR formats designed to overcome various obstacles on the way to successful CAR T cell therapy.

2. Antigen Recognition Domain {#sec2-cells-08-00472}
=============================

The antigen-binding properties of a CAR are defined by the antigen recognition domain, which usually consists of a single-chain variable fragment (scFv). The feasibility of generating a scFv through linking the variable light (V~L~) and variable heavy (V~H~) regions of a monoclonal antibody by a short linker was first demonstrated in 1988 and scFvs normally retain the specificity and affinity of the original antibody \[[@B40-cells-08-00472],[@B41-cells-08-00472]\]. Conceptually, one might assume that the configuration in which V~L~ is followed by the linker then by V~H~ more closely mimics the natural antibody design and would therefore be superior. However, empirical testing has revealed that both V~L~--linker--V~H~ and V~H~--linker--V~L~ configurations can function properly. In some cases, one particular orientation may confer improved expression and functional superiority over the other \[[@B42-cells-08-00472],[@B43-cells-08-00472]\]. Similarly, different linker molecules have been successfully utilized in designing scFvs. Currently, the majority of linkers used in CAR T cells encompass some variation of a polypeptide based on glycine (Gly) and serine (Ser) repeats. For example, the (Gly~4~Ser)~3~--linker consists of three repeats of the pentapeptide Gly--Gly--Gly--Gly--Ser. The use of these residues is intended to confer flexibility and minimize the risk for interference of the linker with the proper folding and function of the connected protein domains \[[@B41-cells-08-00472],[@B44-cells-08-00472],[@B45-cells-08-00472]\]. Some necessary requirements for linker length may be inferred from studies of free scFv molecules, as linkers which are too short favor the formation of scFv multimers \[[@B46-cells-08-00472],[@B47-cells-08-00472]\]. In the context of scFv-based CAR T cells, this might facilitate tonic signaling through antigen-independent CAR clustering \[[@B33-cells-08-00472]\]. It is generally thought that the optimal linker length is within the range of 15--20 amino acids, and many recent CAR constructs have indeed utilized (Gly~4~Ser)~3~ or (Gly~4~Ser)~4~ linkers, respectively \[[@B43-cells-08-00472],[@B48-cells-08-00472],[@B49-cells-08-00472],[@B50-cells-08-00472]\].

A crucial determinant of CAR functionality is the affinity of the scFv for its cognate antigen. Generally, scFv-based CAR T cells have an affinity for their target which is, on average, several orders of magnitude greater than that of unmodified TCR T cells. However, molecules such as CD4, CD8 and the CD3 chains γ, δ and ε are absent in CARs, but contribute to the activation signal delivered through the TCR \[[@B51-cells-08-00472]\]. The optimal antigen-affinity of CAR T cells likely varies based on many factors, such as costimulatory domains and spacer design, and has indeed been shown to depend on the antigen density on the target cell, as well as CAR expression by the T cell \[[@B52-cells-08-00472]\]. Work done by several groups suggests that there is a lower limit to CAR affinity, below which sufficient antigen recognition does not occur, resulting in suboptimal CAR T cell activation \[[@B53-cells-08-00472],[@B54-cells-08-00472]\]. However, especially against high antigen-expressing target cells, increasing CAR affinity does not necessarily improve CAR T cell function, implying the existence of an upper limit to CAR affinity which may be unique to any given level of antigen expression \[[@B52-cells-08-00472],[@B55-cells-08-00472]\].

The fine-tuning of CAR affinity also encompasses the possibility to mitigate on-target off-tumor toxicities related to low-level antigen expression on normal tissue, while retaining sufficient effector functions to eradicate antigen-overexpressing malignant cells \[[@B52-cells-08-00472],[@B55-cells-08-00472],[@B56-cells-08-00472],[@B57-cells-08-00472]\]. A cornerstone of this rationale was provided by Liu and colleagues, who generated several CAR variants with different affinities for human epidermal growth factor receptor 2 (HER2/neu). Low-affinity CAR T cells demonstrated robust anti-tumor efficacy both in vitro and in a xenograft mouse model, meanwhile sparing primary cell lines expressing physiological levels of HER2/neu \[[@B52-cells-08-00472]\]. This attenuated response to normal cells is especially relevant in light of a previous report, where a patient died after CAR T cell therapy, likely due to recognition of lung epithelial cells expressing low levels of HER2/neu \[[@B26-cells-08-00472]\].

Another distinct advantage of scFv-based CAR T cells is the ability to recognize their antigen independently of MHC presentation. This prevents tumor escape via the downregulation of MHC molecules \[[@B6-cells-08-00472],[@B7-cells-08-00472]\] and confers CAR T cells with the ability to recognize non-peptide antigens such as glycolipids or tumor-specific glycosylation patterns \[[@B58-cells-08-00472],[@B59-cells-08-00472]\]. The initial drawback of this MHC-independent recognition was the restricted targeting of surface antigens. However, since it is possible to generate antibodies against specific peptide--MHC complexes, so called TCR-mimic CAR T cells have been conceived and extend the possible range of CAR targets to the vast array of intracellular proteins \[[@B48-cells-08-00472],[@B60-cells-08-00472]\]. However, loss or downregulation of the target antigen will inevitably result in treatment failure, as CAR T cells become agnostic to the cancer cells \[[@B29-cells-08-00472]\]. This issue is currently being addressed, with the emergence of CAR T cells targeting more than one antigen on tumor cells \[[@B61-cells-08-00472],[@B62-cells-08-00472]\].

ScFv-based CAR T cells can theoretically be redirected towards any antigen, provided the amino acid sequence of an antibody with the desired specificity is known. However, Long and colleagues have shown that there may be distinct properties intrinsic to some scFvs that limit their application in CAR T cells \[[@B33-cells-08-00472]\]. By comparing two CARs directed against either CD19 (FMC63-scFv) or GD2 (14g2a-scFv), they found that the framework regions of the 14g2a-scFv induced antigen-independent clustering of anti-GD2-CARs on the T cell surface, resulting in tonic CAR signaling. This promoted the rapid exhaustion of anti-GD2-CAR T cells during in vitro culture, consequently limiting their ability to properly function in vivo. However, attempts by the authors to rescue the anti-GD2 CAR by replacing the 14g2a framework regions for the ones found in the FMC63-scFv resulted in failed CAR expression, demonstrating that framework regions may not always be exchangeable.

One issue, which remains mostly unresolved, is that the majority of clinical CAR trials have utilized scFvs derived from murine antibodies, thereby increasing the risk for an anti-CAR T cell immune response, which may cause toxicity or limit CAR T cell persistence \[[@B63-cells-08-00472],[@B64-cells-08-00472]\]. This problem may be addressed by humanizing murine scFvs \[[@B65-cells-08-00472],[@B66-cells-08-00472]\] or by deriving scFvs from fully human antibodies \[[@B57-cells-08-00472],[@B67-cells-08-00472]\]. This allows for the generation of conceivably less immunogenic CAR T cells, which have been shown to induce remission of ALL refractory to previous murine-scFv-based anti-CD19-CAR T cell therapy \[[@B66-cells-08-00472]\]. However, owing to the chimeric nature of these receptors, even constructs which are derived exclusively from human proteins may elicit a host immune response. This response would result from the creation of immunogenic peptide sequences at junction sites of CAR domains or from the induction of anti-idiotype antibodies \[[@B49-cells-08-00472]\].

Besides scFvs, other targeting moieties have been tested in CAR T cells \[[@B68-cells-08-00472],[@B69-cells-08-00472],[@B70-cells-08-00472],[@B71-cells-08-00472]\], but an in-depth discussion of these alternative antigen-recognition domains is beyond the scope of this review and can be found elsewhere \[[@B72-cells-08-00472],[@B73-cells-08-00472]\].

3. Spacer Domain {#sec3-cells-08-00472}
================

The spacer (also referred to as hinge) connects the scFv to the transmembrane domain and most CAR constructs have been devised with either immunoglobulin G (IgG)-based hinges or derivatives of CD8α or CD28 extracellular domains. The optimal spacer length has been subject to intensive investigation and appears to depend both on the antigen and the position and accessibility of the targeted epitope. Several groups have shown that CAR T cells are more potently activated if the target epitope resides closer to the target cell membrane \[[@B74-cells-08-00472],[@B75-cells-08-00472],[@B76-cells-08-00472]\]. This observation has led to the hypothesis that tuning the length of the spacer may place the CAR T cell and target cell at the optimal intercellular distance to exclude large phosphatases such as CD45 during immunological synapse formation, which may otherwise attenuate CAR signaling \[[@B74-cells-08-00472],[@B77-cells-08-00472],[@B78-cells-08-00472]\]. Indeed, several groups have observed that short spacer CARs targeting CD19, carcinoembryonic antigen (CEA), interleukin-13 receptor alpha-2 (IL13Rα2) and membrane distal epitopes within the receptor tyrosine kinase-like orphan receptor 1 (ROR1) induce stronger T cell activation than CARs with long spacer domains \[[@B53-cells-08-00472],[@B79-cells-08-00472],[@B80-cells-08-00472],[@B81-cells-08-00472]\]. However, in some cases, the targeted epitope may be relatively inaccessible, necessitating the use of longer spacers, conceivably to overcome steric hindrances and to enable effective antigen binding through the scFv. In fact, various groups have demonstrated the need for longer spacers in CARs targeting inaccessible or membrane-proximal epitopes within ROR1, mucin 1 (MUC1), neural cell adhesion molecule (NCAM) and the oncofetal antigen 5T4 \[[@B79-cells-08-00472],[@B80-cells-08-00472],[@B82-cells-08-00472]\]. Therefore, the optimal spacer length varies depending on the targeted epitope and may have to be adjusted accordingly when targeting novel antigens.

One distinct problem arising from human IgG-derived spacers is that, if unedited, they retain their ability to bind to Fc-receptor (FcγR)-bearing cells via their heavy chain constant 2 (C~H~2) domain, leading to the off-target activation of CAR T cells \[[@B37-cells-08-00472],[@B80-cells-08-00472],[@B83-cells-08-00472],[@B84-cells-08-00472]\]. Likewise, this unwanted interaction between immune cells has been shown to activate human monocytic cells as well as natural killer (NK) cells in vitro \[[@B83-cells-08-00472]\]. Several deleterious consequences of utilizing unedited IgG-derived spacers, such as sequestration of CAR T cells in the lung \[[@B37-cells-08-00472],[@B80-cells-08-00472]\], activation-induced cell death (AICD) resulting in limited T cell persistence \[[@B80-cells-08-00472]\], and toxicity mediated by off-target CAR T cell activation \[[@B84-cells-08-00472]\], have been observed in mouse models. These effects were shown to be similar for IgG1- as well as IgG4-based hinges \[[@B37-cells-08-00472],[@B80-cells-08-00472],[@B83-cells-08-00472],[@B85-cells-08-00472]\]. However, many groups were able to abrogate spacer-binding to FcγR by deleting the C~H~2 domain or by mutating certain amino acids that are essential to FcγR-binding \[[@B37-cells-08-00472],[@B80-cells-08-00472],[@B83-cells-08-00472],[@B85-cells-08-00472]\]. Therefore, the negative consequences of incorporating IgG-based hinges may be avoided, and the modular composition of IgG-derived hinges can be used to generate a number of differently sized spacers, commonly referred to as long, intermediate and short spacers, to optimize CAR structure \[[@B37-cells-08-00472],[@B50-cells-08-00472],[@B53-cells-08-00472]\].

It is unclear to which degree these preclinical findings would translate to patients, since the above-mentioned studies were exclusively carried out in mice and the encountered problems relied upon binding of spacers to the murine FcγR. Several clinical studies utilizing CAR T cells with unedited IgG-derived hinges have been conducted without conclusive evidence for FcγR-related issues \[[@B11-cells-08-00472],[@B13-cells-08-00472],[@B86-cells-08-00472],[@B87-cells-08-00472]\]. However, all of these studies reported limited CAR T cell persistence and overall modest anti-tumor efficacy and in one case the authors speculate that this may in part be due to the unedited IgG-hinge \[[@B87-cells-08-00472]\]. Similarly, Brown and colleagues reported low persistence and limited anti-tumor activity of anti-IL13Rα2-CAR T cells with an unmodified IgG4-hinge in patients with glioblastoma \[[@B68-cells-08-00472]\]. Intriguingly, the same group later reported regression of recurrent multifocal glioblastoma in one patient following anti-IL13Rα2-CAR T cell therapy \[[@B88-cells-08-00472]\]. This time, the authors used a mutated IgG4-based hinge to reduce off-target Fc-receptor interactions, providing another clue as to the importance of spacer design. Nevertheless, while this patient had a remarkable clinical response, the expansion and persistence of CAR T cells still appeared to be limited. Furthermore, multiple variables besides the choice of hinge region differed between these studies (e.g., the inclusion of a 4-1BB costimulatory domain and the CAR T cell manufacturing process), prohibiting a conclusive verdict about the impact of IgG-derived hinges on clinical CAR T cell efficacy.

Although CD8α and CD28 spacers have been extensively utilized in numerous clinical anti-CD19-CAR trials demonstrating potent anti-tumor efficacy \[[@B14-cells-08-00472],[@B19-cells-08-00472],[@B20-cells-08-00472],[@B89-cells-08-00472]\], the impact of these hinges on CAR T cell performance has not been thoroughly investigated as of yet, thus their use remains largely empirical. Some limited evidence regarding the utility of these domains was provided by Alabanza and colleagues \[[@B67-cells-08-00472]\]. The authors compared different second-generation anti-CD19-CARs incorporating either a CD8α-derived hinge and transmembrane region (CD8-28ζ-CAR) or a CD28-based hinge and transmembrane region (28ζ-CAR). While CD8-28ζ-CAR T cells produced lower levels of cytokines in response to CD19^+^ cells in vitro, they also experienced lower levels of AICD compared to 28ζ-CAR T cells after repeated exposure to antigen. Importantly, CD8-28ζ-CAR T cells demonstrated equal efficacy as 28ζ-CAR T cells in eliminating tumors from mice with the potential for less cytokine-mediated toxicity. Following a comparison of the crystal structures of the extracellular domains of CD8α and CD28 the authors hypothesized that the observed differences in CAR signal strength stem from the greater propensity of CD28-based hinges to facilitate CAR dimerization. However, due to the fact that the hinge regions were exchanged simultaneously with the transmembrane domain, it remains difficult to discern the relative contribution of each domain to the functional differences observed in this study. This distinction may be especially relevant in light of the data provided by Morin and colleagues, which demonstrated that truncated CD28 molecules, lacking an intracellular domain, may still contribute to T cell activation \[[@B90-cells-08-00472]\].

Finally, it has been implied that certain spacers promote tonic CAR signaling. Frigault and colleagues demonstrated that different CARs targeting mesothelin or the tyrosin-protein kinase Met (c-Met) induce tonic signaling in T cells. The authors mainly attributed this phenomenon to high CAR surface expression in conjunction with certain scFvs and the CD28 costimulatory domain. However, it is noteworthy that the exchange of the IgG4-hinge in a c-Met-specific CAR for a CD8α spacer appeared to completely abrogate tonic signaling, while mesothelin-specific CAR T cells displayed tonic signaling independently of the respective spacer domain \[[@B36-cells-08-00472]\]. Similarly, Watanabe and colleagues observed that the inclusion of a modified IgG1-C~H~2C~H~3 spacer domain in a prostate stem cell antigen (PSCA)-specific CAR promoted antigen-independent T cell activation and secretion of cytokines as well as accelerated T cell differentiation in vitro. Consequently, CAR T cells demonstrated modest anti-tumor efficacy in vivo. When the authors replaced the long C~H~2C~H~3 spacer for an intermediate C~H~3 spacer, tonic signaling was abrogated and the anti-tumor efficacy of CAR T cells was markedly enhanced \[[@B37-cells-08-00472]\].

In light of the data provided by Long and colleagues, it is tempting to hypothesize that a longer hinge may potentiate the intrinsic ability of some scFvs to oligomerize, thus promoting tonic CAR signaling \[[@B33-cells-08-00472]\].

In conclusion, these studies highlight the complex nature of the spacer domain and encourage further investigation to determine the optimal spacer structure for improved CAR design.

4. Transmembrane Domain {#sec4-cells-08-00472}
=======================

The transmembrane domain links the extracellular domains of the CAR to the intracellular signaling domains and anchors the receptor to the T cell membrane. Commonly used transmembrane domains have been derived from CD4, CD8α, CD28 and CD3ζ \[[@B67-cells-08-00472],[@B86-cells-08-00472],[@B88-cells-08-00472],[@B91-cells-08-00472]\]. Due to the fact that in many studies transmembrane domains are exchanged concomitantly with other domains (e.g., spacers or costimulatory domains), it is profoundly difficult to make an accurate statement regarding their contribution to CAR functionality. There is however some limited data that points towards distinct advantages of utilizing certain transmembrane domains to enhance CAR surface expression or CAR T cell performance.

Bridgeman and colleagues demonstrated early on that the CD3ζ transmembrane domain endowed a first-generation CAR with the ability to form homodimers as well as heterodimers with the endogenous TCR-complex \[[@B92-cells-08-00472]\]. This interaction led to increased responsiveness of CAR T cells to CEA, while mutagenesis of key amino acids within the transmembrane domain diminished CAR T cell function. The use of the CD3ζ transmembrane domain has become uncommon in second and third-generation CARs, which deliver a potent stimulus to the T cell without the need to associate with the endogenous TCR-complex. Furthermore, a subsequent report \[[@B91-cells-08-00472]\] suggested that the CD8α as well as the CD28 transmembrane domain increased the surface expression of a first-generation CAR compared to the CD3ζ domain, potentially explaining the widespread use of CD8α and CD28 transmembrane domains in many successful clinical trials \[[@B14-cells-08-00472],[@B19-cells-08-00472],[@B64-cells-08-00472],[@B89-cells-08-00472]\].

Intriguingly, Guedan and colleagues recently showed that a third-generation anti-mesothelin-CAR with inducible T cell costimulator (ICOS) and 4-1BB costimulatory domains required the ICOS transmembrane domain to eradicate tumors in a xenograft mouse model \[[@B35-cells-08-00472]\]. When the same CAR was constructed with the CD8α transmembrane domain, the anti-tumor efficacy was substantially reduced, owing to the limited expansion and persistence of CAR T cells. This marked contribution of the transmembrane domain to CAR functionality may be unique to ICOS, as a recent report from Wan and colleagues demonstrated the important role of the ICOS transmembrane domain for ICOS signaling \[[@B93-cells-08-00472]\]. These results warrant further investigation and highlight the crucial impact this supposedly inert domain could have on CAR T cell performance.

Considering the limited availability of data, it seems reasonable to suggest the use of transmembrane domains in conjunction with their respective intracellular costimulatory or spacer domains until the functional contribution of this understudied domain has been thoroughly investigated, and a more rational choice can be made.

5. Intracellular Costimulatory Domain {#sec5-cells-08-00472}
=====================================

Costimulatory domains are usually derived from either the CD28 receptor family (CD28, ICOS) or the tumor necrosis factor receptor family (4-1BB, OX40, CD27). An in-depth analysis of the signaling cascades initiated by these costimulatory domains is beyond the scope of this review and has been discussed elsewhere \[[@B94-cells-08-00472]\]. Herein, we will review the most notable contributions of individual costimulatory domains to CAR T cell performance and highlight how certain CAR designs may preferentially confer distinct functional properties to CAR T cells.

5.1. Second-Generation CAR T Cells {#sec5dot1-cells-08-00472}
----------------------------------

While the inclusion of a costimulatory domain does little to improve the in vitro cytolytic function of second-generation CAR T cells, the secretion of cytokines, CAR T cell proliferation and overall anti-tumor efficacy are markedly enhanced compared to first-generation CAR T cells \[[@B38-cells-08-00472],[@B95-cells-08-00472],[@B96-cells-08-00472],[@B97-cells-08-00472],[@B98-cells-08-00472]\]. The superior expansion and persistence of second-generation CAR T cells compared to first-generation CAR T cells has furthermore been demonstrated in patients \[[@B13-cells-08-00472]\].

The most widely used costimulatory domains are derived from CD28 and 4-1BB, both of which have been extensively characterized in head-to-head comparisons. Preclinically, CD28 costimulation was shown to promote the rapid development of T cell effector functions \[[@B97-cells-08-00472],[@B98-cells-08-00472]\] but conferred limited in vivo T cell persistence compared to CARs incorporating 4-1BB \[[@B38-cells-08-00472],[@B98-cells-08-00472]\]. Conversely, 4-1BB-containing CAR T cells displayed slower tumor eradication kinetics in a mouse model of leukemia, but accumulated over time and ultimately demonstrated comparable anti-tumor efficacy \[[@B98-cells-08-00472]\]. Some mechanistic insight into the divergent response kinetics and persistence of CD28- and 4-1BB-containing CAR T cells has since been provided by Kawalekar and colleagues. The authors compared both CD19- and mesothelin-specific second-generation CAR T cells utilizing either CD28 or 4-1BB costimulation (CD28-CAR, 4-1BB-CAR) and found that the use of either costimulatory domain distinctly reprogrammed T cell metabolism upon CAR activation \[[@B99-cells-08-00472]\]. CD28 costimulation skewed CAR T cell differentiation towards an effector-memory type, with CD28-CAR T cells predominantly relying on glycolytic metabolism. Contrarily, 4-1BB costimulation promoted mitochondrial biogenesis, enhanced respiratory capacity and increased fatty acid oxidation. Moreover, upon antigenic stimulation, 4-1BB-CAR T cells preferentially differentiated into central memory T cells. This data indicates that the rapid and potent effector functions of CD28-containing CAR T cells may in part reflect their increased utilization of glucose to cover their metabolic demands (a hallmark of effector T cells), while 4-1BB-containing CAR T cells may have superior persistence due to their increased capacity for oxidative metabolism.

Salter and colleagues have used mass spectrometry to identify phosphorylation events following CAR activation of both CD28- and 4-1BB-containing second-generation CAR T cells \[[@B100-cells-08-00472]\]. Intriguingly, the authors found that while both CARs induced the phosphorylation of similar signaling intermediates, stronger and faster changes in protein phosphorylation were observed in CD28-CAR T cells. This could in part be explained by the constitutive association of lymphocyte-specific protein tyrosine kinase (Lck) with the CD28-CAR, which was almost absent in the 4-1BB-CAR. The stronger signaling of the CD28-CAR resulted in profound transcriptional changes and the enhanced expression of effector molecules such as granzyme B, interferon-γ (IFN-γ), tumor necrosis factor α (TNF-α) and interleukin 2 (IL-2) upon CAR activation. However, this was accompanied by the acquisition of an exhausted phenotype and reduced anti-tumor efficacy in vivo when lower numbers of CD28-CAR T cells were transferred.

Expanding on these preclinical observations, the clinical trials of second-generation CD28- or 4-1BB-containing CAR T cells have similarly reported disparate results regarding the in vivo persistence of transferred cells. While CD28-based anti-CD19 CAR T cells have shown potent anti-tumor activity, they generally persist for only a limited time \[[@B21-cells-08-00472],[@B24-cells-08-00472],[@B101-cells-08-00472]\] and have therefore been suggested to constitute a potent bridge-to-transplant approach, whereby remission is induced via CAR T cell therapy followed by allogeneic hematopoietic stem cell transplantation (HSCT) \[[@B101-cells-08-00472],[@B102-cells-08-00472]\]. In contrast, 4-1BB-containing second-generation CAR T cells have shown similarly potent anti-tumor efficacy, and have been reported to persist for up to several years in patients, potentially conferring long-term immunological memory \[[@B29-cells-08-00472],[@B103-cells-08-00472]\]. Likewise, the faster kinetics of effector function reported in preclinical studies may be mirrored by the observation that CAR T cell persistence did not correlate with the survival of patients in a trial utilizing CD28-containing second-generation CAR T cells to treat ALL \[[@B24-cells-08-00472]\]. In contrast, the clinical trials of second-generation 4-1BB-CAR T cells reported that ALL disease relapse was associated with either a lack of CAR T cell persistence or CD19-negative escape variants \[[@B14-cells-08-00472],[@B64-cells-08-00472]\]. However, it is important to bear in mind that the interpretation of cross-study comparisons is error-prone due to potential confounding variables.

Unlike CD28 and 4-1BB, other costimulatory domains have predominantly been characterized preclinically. For example, CD27-based second-generation CAR T cells displayed similar anti-tumor efficacy in a xenograft mouse model of ovarian cancer in direct comparison to CD28- or 41BB-containing CAR T cells. Like 4-1BB, CD27 costimulation increased CAR T cell persistence compared to CD28 \[[@B104-cells-08-00472]\]. Guedan and colleagues have reported that incorporation of the ICOS costimulatory domain sustains a T~H1~--T~H17~ polarization in CAR T cells and that ICOS-containing CAR T cells showed superior in vivo persistence compared to both 4-1BB- and CD28-based CAR T cells \[[@B105-cells-08-00472]\]. It remains to be determined whether these alternative costimulatory molecules will provide a clinical benefit over the well-established CD28 and 4-1BB domains.

Besides the incorporation of costimulatory domains into the CAR structure, the selective modification of virus-specific T cells to express a tumor-specific CAR represents an elegant approach to provide additional costimulatory signals for these CAR T cells. In theory, such dual-specific T cells would encounter viral antigens in vivo and therefore would receive additional stimulatory signals after engagement of their endogenous TCR, while retaining anti-tumor specificity via their CAR \[[@B106-cells-08-00472],[@B107-cells-08-00472]\]. Indeed, Pule and colleagues showed that Epstein--Barr virus (EBV)-specific T cells engineered to express a first-generation anti-GD2-CAR demonstrated increased T cell persistence in neuroblastoma patients compared to GD2-CAR-T cells without defined TCR specificity \[[@B107-cells-08-00472]\]. Therefore, the use of virus-specific T cells may present a potential avenue to enhance CAR T cell effectiveness. However, a more recent study demonstrated that the simultaneous in vivo exposure of second-generation CAR T cells to both their CAR antigen and their TCR antigen may lead to exhaustion, apoptosis and diminished anti-tumor function of CD8^+^ CAR T cells \[[@B108-cells-08-00472]\]. In contrast, CD4^+^ CAR T cells were more resistant to this phenomenon, and retained their anti-tumor capacity for a prolonged period of time \[[@B108-cells-08-00472]\]. Therefore, further research is needed to elucidate the mechanisms that govern the success of CAR T cells with defined TCR specificity.

5.2. Third-Generation CAR T Cells {#sec5dot2-cells-08-00472}
---------------------------------

Third-generation CARs combine two costimulatory domains in one receptor in an attempt to harness the benefits from multiple signaling pathways. Indeed, some preclinical studies have shown the superior function of third-generation CAR T cells in vitro and in vivo compared to second-generation CAR T cells \[[@B35-cells-08-00472],[@B109-cells-08-00472]\], while others observed no difference \[[@B110-cells-08-00472]\] and, in some cases, third-generation CAR T cells performed worse than their second-generation counterparts \[[@B50-cells-08-00472],[@B76-cells-08-00472],[@B111-cells-08-00472]\]. The reasons for this discrepancy are still unclear, and may reflect the fact that certain in vitro surrogate measurements of CAR T cell potency do not always accurately predict T cell functionality in vivo \[[@B33-cells-08-00472],[@B50-cells-08-00472]\]. Furthermore, these differential outcomes may in part depend on the need to fine-tune CAR signal strength to mitigate AICD \[[@B50-cells-08-00472]\].

The observation that extensive CAR signaling can be detrimental to T cell functionality is in alignment with reports of tonic CAR signaling hampering CAR T cell performance. Tonic signaling has been shown to increase with elevated CAR surface expression \[[@B34-cells-08-00472],[@B35-cells-08-00472],[@B36-cells-08-00472],[@B112-cells-08-00472]\]. Especially, CD28 costimulation has repeatedly been implicated to facilitate tonic CAR signaling \[[@B33-cells-08-00472],[@B36-cells-08-00472]\], but tonic 4-1BB signaling has also been observed in certain contexts \[[@B34-cells-08-00472],[@B35-cells-08-00472]\].

Interestingly, both beneficial and detrimental tonic CAR signaling has predominantly been reported in second-generation CAR T cells \[[@B33-cells-08-00472],[@B34-cells-08-00472],[@B36-cells-08-00472],[@B37-cells-08-00472],[@B38-cells-08-00472],[@B39-cells-08-00472],[@B112-cells-08-00472],[@B113-cells-08-00472]\]. This might in part be explained by a study from Ramello and colleagues, who demonstrated that in contrast to third-generation CAR T cells, second-generation CAR T cells expressed a constitutively phosphorylated form of CD3ζ, irrespective of the costimulatory domain, but dependent on the absolute size of the intracellular domain \[[@B114-cells-08-00472]\].

The inclusion of two costimulatory domains within one receptor adds further complexity to CAR design, as CAR functionality may differ, depending on the proximity of the respective domains to the cell membrane \[[@B35-cells-08-00472],[@B113-cells-08-00472]\]. In this regard, it has recently been shown that 4-1BB-ICOS-ζ-CAR T cells displayed tonic signaling and diminished anti-tumor efficacy in vivo compared to ICOS-4-1BB-ζ-CAR T cells \[[@B35-cells-08-00472]\]. While tonic signaling appeared to be dependent on the proximity of 4-1BB to the cell membrane, the enhanced anti-tumor efficacy of ICOS-4-1BB-ζ-CAR T cells may have relied solely on the incorporation of the ICOS transmembrane domain. The exchange of the ICOS transmembrane domain for a CD8α transmembrane domain reduced CAR T cell efficacy to the level of 4-1BB-ICOS-ζ-CAR T cells, even in the absence of tonic signaling. As noted earlier, the ICOS transmembrane domain was shown to play a significant role in ICOS signaling \[[@B93-cells-08-00472]\] and was absent in CARs with proximal 4-1BB costimulation \[[@B35-cells-08-00472]\].

The hypothesis that the proximity of 4-1BB to the cell membrane may alter downstream signaling is in alignment with work from Gomes da Silva and colleagues, who reported 4-1BB-mediated tonic signaling in a second-generation CAR leading to the activation of the γ-retroviral long terminal repeat (LTR) promoter. Thereby, CAR surface expression was increased, which further exacerbated the tonic 4-1BB signal. Tonic 4-1BB signaling consequently promoted Fas-dependent AICD in CAR T cells \[[@B34-cells-08-00472]\]. However, when a CD28 domain was incorporated proximal to the 4-1BB domain to form a third-generation CAR, T cells demonstrated robust expansion and longer persistence in patients compared to a second-generation CAR with CD28 costimulation alone \[[@B113-cells-08-00472]\]. Thus, there is an increasing amount of evidence to support the hypothesis that the proximity of 4-1BB to the cell membrane may facilitate tonic signaling \[[@B35-cells-08-00472],[@B38-cells-08-00472],[@B113-cells-08-00472]\].

It remains to be seen whether third-generation CAR T cells will confer a clinical benefit compared to second-generation CAR T cells, and their successful implementation will most likely depend on furthering our understanding of how multiple costimulatory domains interact in order to optimize CAR signaling.

6. Transgene Delivery and Genome Editing {#sec6-cells-08-00472}
========================================

One central aspect of successful CAR T cell engineering is the method by which the CAR is introduced into the T cell. Both pre-clinically and clinically, this has primarily been achieved through the use of γ-retroviral or lentiviral vectors. In both cases, the transgene is integrated stably into the genome, which makes this approach suitable for the long-term genetic modification of cells \[[@B115-cells-08-00472]\]. One distinct advantage of lentiviral over γ-retroviral vectors is their ability to integrate into non-dividing cells \[[@B116-cells-08-00472]\]. Both γ-retroviruses and lentiviruses integrate semi-randomly within the host cell genome, thereby harboring the risk for insertional mutagenesis and dysregulation of genes adjacent to the integration site \[[@B117-cells-08-00472],[@B118-cells-08-00472]\]. The risk for insertional oncogenesis is thought to be greater for certain γ-retroviral vectors, due to their propensity to integrate near the transcription start site of genes, as well as near proto-oncogenes \[[@B119-cells-08-00472],[@B120-cells-08-00472]\]. Indeed, transgene integration in the proximity of proto-oncogenes, and the subsequent malignant transformation of modified hematopoietic stem cells (HSC) has been observed in clinical studies using γ-retroviral-mediated gene transfer to correct X-linked severe combined immunodeficiency (SCID) and Wiskott--Aldrich syndrome, respectively \[[@B121-cells-08-00472],[@B122-cells-08-00472]\]. The risk for the insertional activation of oncogenes and consequential malignant transformation may be reduced but is not eliminated by the use of lentiviral vectors \[[@B123-cells-08-00472]\], with a high incidence of lentiviral vector-associated tumorigenesis having been observed in one in vivo model \[[@B124-cells-08-00472]\]. In fact, Maruggi and colleagues could show that retroviral genotoxicity is strongly influenced by the incorporation of viral promoter and enhancer regions within the retroviral vector design. The authors demonstrated that the ability of retroviral vectors to perturb gene expression in modified cells relies primarily on the activity of the regulatory elements used to drive transgene expression, rather than on the type of vector used \[[@B125-cells-08-00472]\]. Therefore, the development of self-inactivating vectors, through the deletion of enhancer elements from the viral LTR, allows for transgene expression via less active internal promoters, and thus may substantially reduce the risk of insertional gene dysregulation \[[@B125-cells-08-00472],[@B126-cells-08-00472]\].

Importantly, to date, there have not been reports of CAR T cell therapy leading to the malignant transformation of transferred cells, and in some cases the near decade-long safety of γ-retrovirally modified T cells has been documented \[[@B127-cells-08-00472],[@B128-cells-08-00472]\]. This suggests that the type of cell modified may also influence the risk for malignant transformation, and retroviral transduction of mature T cells seems comparably safe \[[@B127-cells-08-00472],[@B128-cells-08-00472]\].

Transposon systems, such as Sleeping Beauty, constitute a non-viral method for gene transfer and present a cost-efficient alternative to the expensive production of good manufacturing practice (GMP)-compliant virus for clinical application. This "cut and paste" approach is used to stably integrate the transgene into the target cell genome, thereby also harboring the potential for insertional mutagenesis, however the anticipated risk for genotoxicity seems to be lower compared to retroviral vectors \[[@B129-cells-08-00472]\]. Furthermore, certain transposon systems are, at least in theory, capable of delivering large transgene cassettes, albeit at the cost of less efficient transposition \[[@B130-cells-08-00472]\]. This may be beneficial in attempts to equip CAR T cells with as many tools as possible to enhance their functional capacity against ever evolving cancer cells. Transposon systems have not yet been studied as extensively as conventional gene transfer methods, and their clinical standing compared to the more widely used retroviral vectors has yet to be determined.

Transient CAR expression may be achieved via ribonucleic acid (RNA)-electroporation, with virtually no risk for genotoxicity, since RNA does not integrate into the genome and is eventually fully degraded \[[@B131-cells-08-00472]\]. T cells can be modified to express a CAR for up to several days at high efficiencies, and RNA-electroporation may therefore present an attractive method to assess the on-target off-tumor toxicity of novel CARs \[[@B132-cells-08-00472],[@B133-cells-08-00472]\]. The downside of this transient expression system is the rather rapid loss of the transgene, especially in proliferating cells, as the CAR-encoding RNA is not replicated during cell division. This may necessitate repeated infusions of CAR T cells to achieve a therapeutic effect, increasing the risk for an anti-CAR T cell immune response \[[@B63-cells-08-00472],[@B132-cells-08-00472]\].

In conclusion, there are several viable options for CAR transgene delivery, all of which encompass unique advantages and risks. Due to the potentially severe consequences, it seems especially relevant to consider the risk for genotoxicity with regards to random transgene integration. The advent of new gene-editing tools such as clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 may allow for the simple and potentially safer "targeted insertion" of transgenes into T cells. One example of this was provided by Eyquem and colleagues, who utilized either Cas9 or transcription activator-like effector nuclease (TALEN) endonucleases in conjunction with an adeno-associated virus (AAV) vector repair matrix to specifically target an anti-CD19-CAR to the T cell receptor α constant (TRAC) or beta-2-microglobulin (B2M) locus in primary human T cells \[[@B112-cells-08-00472]\]. This approach demonstrated the feasibility of introducing a CAR in a desired genomic location, and mapping of integration sites revealed no off-target hotspots. However, reports of CRISPR/Cas9 leading to high-frequency off-target mutations in human cells exist, and should be considered when employing this technology \[[@B134-cells-08-00472]\]. As an alternative to a viral vector repair matrix, Roth and colleagues showed that linear double stranded deoxyribonucleic acid (dsDNA) can be co-electroporated with CRISPR/Cas9 ribonucleoprotein to mitigate dsDNA toxicity, which then serves as a homology-directed repair template, thereby completely bypassing the need for GMP-compatible production of viral vectors \[[@B135-cells-08-00472]\].

The ability to target specific sites within the genome may increase the safety of gene editing, as it offers the possibility to direct the CAR to proposed "genomic safe harbors" \[[@B136-cells-08-00472],[@B137-cells-08-00472]\] which may be preferable sites for transgene integration to minimize genotoxicity and to optimize transgene function. Furthermore, the CAR may be targeted to certain genomic loci, with the intent to disrupt gene expression to increase CAR T cell potency. This was illustrated by a report from Fraietta and colleagues, who demonstrated that the progeny of a single CAR T cell clone displayed massive in vivo expansion and consequently led to complete remission of CLL in a 78-year-old patient, who had previously undergone CAR T cell therapy without success \[[@B138-cells-08-00472]\]. Subsequent analysis revealed that lentiviral vector integration had accidentally disrupted the methylcytosin dioxygenase TET2 gene on one allele. This led to the loss of the function of TET2 in CAR T cells, as the patient was found to harbor a hypomorphic mutation in his second allele. At the peak of the response, these TET2-deficient CAR T cells constituted 94% of the CD8^+^ CAR T cell repertoire. Furthermore, TET2-deficient CAR T cells predominantly displayed a central memory phenotype and could be detected in the patient's blood four years after infusion. While TET2 is a tumor suppressor gene, there was no evidence of the malignant transformation of transferred cells. Experimental knockdown of TET2 recapitulated the phenotypic and functional changes observed in this patient's CAR T cells, pointing towards the potential of TET2 disruption to enhance CAR T cell performance.

Additionally, gene-editing methods such as CRISPR/Cas9, TALENs and zinc finger nucleases (ZFNs) have been used to disrupt genes encoding for T cell suppressive receptors, thereby rendering T cells less susceptible to tumor-mediated immunosuppression \[[@B139-cells-08-00472],[@B140-cells-08-00472],[@B141-cells-08-00472],[@B142-cells-08-00472]\]. Similarly, through the knockout of genes essential for the expression of endogenous TCR as well as human leukocyte antigen (HLA) molecules, these tools can facilitate the generation of allogeneic "universal" CAR T cells, amenable to patients independent of HLA matching by reducing the potential for graft-versus-host disease (GVHD) \[[@B139-cells-08-00472],[@B143-cells-08-00472]\].

However, caution is advisable, as pitfalls in novel methods only ever become apparent after widespread use. In this regard, it has recently been shown that DNA double-strand breaks induced by CRISPR/Cas9 can elicit a p53-dependent DNA damage response in certain cell types \[[@B144-cells-08-00472],[@B145-cells-08-00472]\]. In the context of adoptive cell therapy, the ill-considered use of this tool may therefore harbor the risk of selecting cells with a dysfunctional p53 pathway, which may lead to the increased genome instability of modified cells and thus could constitute a step towards tumorigenesis.

7. Promoter and Transgene Regulation {#sec7-cells-08-00472}
====================================

Another crucial consideration for effective CAR T cell design is how the transgene will be regulated once it is introduced into the T cell. Generally, this aspect of CAR design is strongly impacted by the type of transgene vector used. Gene expression after conventional γ-retroviral transduction is usually driven from enhancer and promoter elements in the retroviral LTR of the vector. In contrast, the self-inactivating design most commonly realized in lentiviral vectors, utilizes an internal promoter to drive transgene expression. Another complicating factor is that retrovirally inserted transgenes may be subject to silencing, resulting in variegated transgene expression \[[@B112-cells-08-00472],[@B146-cells-08-00472]\]. Additionally, the number of vector copies integrated into the genome (insertion frequency) may influence the level of transgene expression and susceptibility to silencing \[[@B146-cells-08-00472],[@B147-cells-08-00472],[@B148-cells-08-00472],[@B149-cells-08-00472]\]. The insertion frequency is strongly impacted by the multiplicity of infection (MOI) used during the transduction protocol, and is therefore a potential variable that may be altered \[[@B148-cells-08-00472]\]. All of these factors converge to determine the resulting level of CAR expression in the modified T cell. As noted earlier, the level of CAR expression is important to the extent that insufficient receptor density may decrease the sensitivity of CAR T cells for low-level antigen expressing tumor cells \[[@B52-cells-08-00472]\]. On the other hand, high-level CAR surface expression, driven by the elongation factor-1α (EF-1α) promoter, has been shown to facilitate antigen-independent tonic signaling in c-Met- and mesothelin-specific CAR T cells \[[@B36-cells-08-00472]\]. Tonic signaling resulted in constitutive secretion of high levels of cytokines and continuous proliferation of CAR T cells in the absence of exogenous cytokines or feeder cells. This "continuous" CAR T cell phenotype could be reverted to a "non-continuous" phenotype by replacing the EF-1α promoter for either a cytomegalovirus (CMV) promoter or a phosphoglycerate kinase 1 (PGK) promoter mutant, consequently reducing CAR surface expression. Importantly, this difference in CAR surface expression strongly impacted the ability of anti-c-Met CAR T cells to control tumor growth in a xenograft mouse model. When the expression of the anti-c-Met CAR was driven by the PGK100-promoter mutant, CAR T cells displayed greater in vivo persistence, enhanced anti-tumor efficacy and conferred a survival advantage compared to CAR T cells which utilized EF-1α to drive CAR expression.

Similarly, Gomes da Silva and colleagues reported that high anti-CD19-CAR expression driven by the LTR of the SFG γ-retroviral vector led to antigen-independent tonic 4-1BB signaling, which resulted in Fas-dependent apoptosis of CAR T cells \[[@B34-cells-08-00472]\]. Additionally, the authors could demonstrate the existence of a positive feedback loop dependent on the activation of the LTR promoter which led to a further increase in CAR expression. In contrast, when T cells were transduced with a self-inactivating lentiviral vector utilizing the EF-1α promoter, this deleterious feedback loop was interrupted leading to an overall reduction in CAR surface expression. This attenuated CAR expression normalized Fas and Fas ligand (Fas-L) expression on CAR T cells, and significantly reduced the frequency of cell death. Moreover, lentiviral CAR expression restored the proliferative capacity of T cells and promoted more efficient clearance of tumor cells in vitro. Finally, lentivirally-transduced anti-CD19-CAR T cells displayed superior anti-tumor activity in a xenograft mouse model compared to their γ-retrovirally transduced counterparts. This study not only underscores the crucial impact of CAR expression levels, but also forges an important link between the costimulatory domain and the choice of transgene promoter \[[@B34-cells-08-00472]\].

Interestingly, Eyquem and colleagues recently demonstrated that besides baseline CAR expression, the dynamic downregulation and re-expression kinetics following antigen exposure drastically impact the efficacy of CAR T cells \[[@B112-cells-08-00472]\]. This became apparent, when the authors targeted an anti-CD19-CAR to the TRAC locus, placing it under the control of the endogenous TCR promoter (TRAC-CAR). TRAC-CAR T cells outperformed both conventional retrovirally transduced CAR T cells (RV-CAR) as well as T cells with the CAR inserted in the B2M locus (B2M-CAR), in an in vivo mouse model. To investigate the impact of CAR expression on T cell performance, the authors generated T cells that expressed the CAR either from a randomly integrating γ-retroviral vector or under the control of different promoters from within two distinct genomic loci (TRAC, B2M). All of the promoter-locus combinations that conferred higher CAR expression than TRAC-CAR promoted tonic CAR signaling, in contrast to those providing lower expression. Furthermore, CAR T cells displayed distinct downregulation and re-expression kinetics of their receptors upon antigen encounter. While all CAR T cell groups downregulated CAR expression within 12 h of initial antigen encounter, TRAC-EF-1α, TRAC-LTR and RV-CAR T cells increased CAR expression within 24--48 h of antigen stimulation. In contrast, both TRAC and B2M-CAR T cells maintained CAR expression below baseline for 48 h after the initial downregulation of their receptors. Although the B2M-CAR responded similarly to antigen encounter as the TRAC-CAR, it did not perform as well in vivo. The authors speculate that this might be due to the lower basal expression level of B2M-CAR, which may be insufficient for effective CAR activity \[[@B112-cells-08-00472]\].

In conclusion, these reports highlight the complexity of CAR regulation and lay the groundwork for further investigation.

8. The Next Generation of CAR T Cells {#sec8-cells-08-00472}
=====================================

It is highly unlikely that the current format of CAR design will enable T cells to overcome the diverse obstacles presented by both tumor cells and the hostile tumor microenvironment. Therefore, several groups have devised innovative strategies in order to mitigate some of the intrinsic shortcomings of CAR T cells (see [Figure 3](#cells-08-00472-f003){ref-type="fig"}). For instance, antigen loss and tumor escape may be prevented by simultaneously targeting more than one antigen on tumor cells. This can be achieved via the expression of multiple CARs with different specificities in one T cell \[[@B61-cells-08-00472],[@B62-cells-08-00472],[@B150-cells-08-00472]\]. Alternatively, a bispecific CAR (also termed tandem CAR) may be utilized, which incorporates two distinct antigen-recognition domains within one receptor. These receptors enable T cells to recognize tumor cells expressing either one of the antigens \[[@B151-cells-08-00472],[@B152-cells-08-00472],[@B153-cells-08-00472]\].

In an effort to increase T cell functionality and render the immunosuppressive tumor microenvironment permissive to an effective immune response, CAR T cells have been engineered to constitutively \[[@B154-cells-08-00472],[@B155-cells-08-00472],[@B156-cells-08-00472]\] or conditionally \[[@B157-cells-08-00472]\] secrete cytokines, such as IL-12, IL-15 and IL-18. In addition, dominant negative receptors can neutralize immunosuppressive ligands \[[@B158-cells-08-00472]\], whereas chimeric switch receptors may be used to convert inhibitory signals into T cell stimulatory signals \[[@B159-cells-08-00472],[@B160-cells-08-00472],[@B161-cells-08-00472],[@B162-cells-08-00472],[@B163-cells-08-00472]\]. The inability of tumor-specific T cells to effectively traffic and invade into the tumor site may be addressed through the concomitant expression of chemokine receptors \[[@B164-cells-08-00472],[@B165-cells-08-00472],[@B166-cells-08-00472]\] or enzymes, which degrade components of the extracellular matrix \[[@B167-cells-08-00472]\]. Furthermore, CAR T cells can be engineered to secrete chemokines to recruit the recipient's endogenous immune system to potentiate their anti-tumor efficacy \[[@B168-cells-08-00472]\].

On the other hand, safety concerns regarding the toxicity of CAR T cells have incentivized the development of "off-switches" in the form of suicide genes, such as inducible-caspase-9 (iCASP9), herpes simplex virus thymidine kinase (HSV-TK) or truncated surface receptors, which permit the selective ablation of modified T cells through small molecules or antibodies, respectively (reviewed in \[[@B169-cells-08-00472],[@B170-cells-08-00472]\]). Furthermore, the development of CAR T cells, where the CD3ζ and costimulatory domain are separated into two receptors targeting different tumor antigens, may mitigate on-target off-tumor toxicity by restricting the potent activation of CAR T cells to target cells expressing both antigens \[[@B171-cells-08-00472],[@B172-cells-08-00472]\]. In addition, split CARs can be designed so that the antigen-binding receptor and downstream signaling domains only associate in the presence of a dimerizing small molecule, allowing for CAR T cell activity to be regulated via "remote control" \[[@B173-cells-08-00472]\]. Furthermore, the use of an inhibitory CAR (iCAR) can abrogate T cell activation in the presence of certain antigens and can be utilized to protect healthy tissue from CAR T cell-mediated destruction \[[@B174-cells-08-00472]\].

Another innovative approach to achieve greater tumor selectivity is the use of synthetic Notch receptors. As these receptors recognize one tumor-associated antigen, a transcription factor is cleaved from the intracellular domain and induces the transcription of another transgene, such as a conventional CAR, specific for a second tumor-associated antigen. Thus, synthetic Notch receptor CAR T cells only display effector functions against targets expressing both antigens \[[@B175-cells-08-00472]\]. Moreover, synthetic Notch receptors can confer T cells with the antigen-restricted ability to produce various cytokines, express death receptor ligands, secrete checkpoint blocking antibodies and differentiate into distinct T cell subsets \[[@B176-cells-08-00472]\].

A versatile approach to control T cell specificity and activation is the so-called split, universal and programmable CAR system (SUPRA-CAR) \[[@B177-cells-08-00472]\]. This platform utilizes leucine zippers to generate zip-CAR T cells, which may be redirected towards tumor antigens in conjunction with a zip-scFv. The zip-CAR T cell binds specifically to the zip-scFv, which in turn binds to an antigen expressed on tumor cells. Through the exchange of the zip-scFv specificity, CAR T cells may be redirected against multiple antigens at will, without the need to reengineer T cells. The magnitude of the SUPRA-CAR T cell response may be regulated via zip-scFv concentration or tuning of the scFv- or zipper-affinity for their targets. Additionally, zip-CARs may be constructed with the CD3ζ signal and costimulatory signal separated into two receptors. Thereby, the full activation of T cells is achieved only in the presence of multiple antigens. Furthermore, multiple zip-CARs may be utilized to differentially control the activation of different T cell subsets \[[@B177-cells-08-00472]\].

9. Conclusions {#sec9-cells-08-00472}
==============

While CAR T cell therapy has come a long way and has achieved remarkable success in hematological malignancies, this therapeutic modality is still in its infancy and the underlying mechanisms which govern CAR T cell effectiveness are only gradually being elucidated. As CAR constructs become more complex, a thorough understanding of the impact of distinct domains would likely improve the rational design of CAR T cells to suit the specific needs of individual patients. The optimal choice of CAR domains will depend on a comprehensive understanding of the interaction between individual CAR components and the signaling cascades initiated through various intracellular domains. Owing to the complex nature of tumorigenesis, even optimized CARs may not suffice to overcome all the obstacles presented by various tumor entities. Therefore, we believe, that multiple modifications will have to be combined to compensate for some of the intrinsic shortcomings of CAR T cells and to meet the unique requirements posed by tumor cells and the tumor microenvironment. CAR T cell migration, infiltration and persistence will have to be optimized in order to achieve the best therapeutic outcome. To date, the lack of truly tumor-specific antigens is hampering the success of CAR T cell therapy in solid malignancies. In this regard, the combinatorial targeting of CAR T cells may allow for the specific destruction of tumor cells by integrating the presence or absence of multiple antigens to determine a CAR T cell's response. Controlling CAR T cell activation and persistence is necessary to mitigate CAR T cell-mediated toxicities and restrict T cell effector functions to the tumor site. It is likely that novel gene-editing techniques herald a new era of CAR T cell engineering by potentiating CAR T cell efficacy and increasing the safety profile of gene-modified cell therapies. Since their conception three decades ago, CAR T cells have matured from an experimental treatment to a potent therapeutic option for patients with an otherwise poor prognosis. Nevertheless, there are still many obstacles to overcome on the long and winding road to successful cancer therapy and further research is needed to fully unleash the potential of CAR T cells.
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![Limitations of chimeric antigen receptor (CAR) T cells. Tonic signaling, exhaustion and activation-induced cell death (AICD) limit T cell functionality, proliferation and persistence. Trafficking of CAR T cells to the tumor site may be limited due to an inadequate chemokine receptor profile. Antigen loss can lead to tumor escape, while cytokine release syndrome (CRS) constitutes a frequently observed adverse event. Abbreviations: PD-1, programmed cell death protein 1; LAG-3, lymphocyte activation gene 3; TIM-3, T cell immunoglobulin mucin 3.](cells-08-00472-g001){#cells-08-00472-f001}

![Summary of CAR-intrinsic and CAR-extrinsic factors of CAR T cell design. Depicted is a representation of a CAR molecule with its respective domains. The table lists the most notable contributions of individual domains to CAR T cell functionality. The zoom-in illustrates how the length of the spacer domain may influence the immunological synapse distance and confer flexibility for optimal target recognition. Abbreviations: Ig, immunoglobulin; ICOS, inducible T cell costimulator; CRISPR, clustered regularly interspaced short palindromic repeats.](cells-08-00472-g002){#cells-08-00472-f002}

![(**A**) Novel CAR formats. (1) Tandem CAR T cells can recognize either tumor antigen A or B and may prevent antigen escape. (2) CARs with separated signaling domains display attenuated off-tumor toxicity. (3) Synthetic Notch receptors can induce the transcription of another transgene, such as a conventional CAR, upon antigen recognition. (4) SUPRA CAR T cell activity may be tuned at multiple levels to ensure maximal effectiveness and minimal toxicity. (**B**) Add-ons to CARs. (1) CARs may be combined with chemokine receptors to increase CAR T cell trafficking to the tumor site. (2) Switch receptors can convert negative stimuli into positive ones. (3) CAR T cells can be engineered to secrete chemokines, cytokines and matrix-degrading enzymes to potentiate their anti-tumor efficacy. (4) Inhibitory CARs may be used to protect healthy tissue from CAR T cell-mediated destruction. Abbreviations: SUPRA CAR, split, universal and programmable CAR; TAA, tumor-associated antigen.](cells-08-00472-g003){#cells-08-00472-f003}
